In the present study, removal of metal ions Pb (II) using nanostructured γ-alumina was investigated in a fixed-bed column. Comparison of Thomas, Yoon-Nelson, and Adams-Bohart models with experimental kinetic results was done, and model parameters were evaluated by linear regression analysis for Pb 2+ adsorption in different bed heights, initial concentrations, and flow rates. The obtained experimental data are in good agreement with Thomas and Yoon-Nelson models, but in the case of Adams-Bohart model, low correlation coefficient is observed.
Background
Industrial wastewater polluted with heavy metals has endangered the human health and environment. Lead is one of the most extensive toxic metals in the environment [1] , so this study has discussed on the continuous flow removal of lead from aqueous solution.
A number of conventional methods for the removal of heavy metals from aqueous solutions have been reported such as precipitation as hydroxides, carbonates, or sulfides; subsequent liquid-solid separation by gravity settling; flotation; ultra-filtration; coagulation; reverse osmosis; ion exchange; electrodialysis; liquid-liquid extraction; membrane processes; evaporation; and biological treatment.
Most of these methods have disadvantages such as highcost devices, toxic waste production, low efficiency, and require high energy and space. Adsorption process has been shown as an alternative economic method for the removal of heavy metals from aqueous solutions [2] [3] [4] [5] [6] [7] [8] [9] .
A number of materials have also been used to remove heavy metals from wastewater, such as activated carbon [10] , silica [11] , titanium dioxide [11] , calcium carbonate [11] , alumina [11, 12] , and recently, various nanomaterials such as nanometal oxides [13] , carbon nanotubes [14] , and nanozeolite composites [15] .
Nanoalumina has several crystalline form and mainly used as γ-alumina form.
By considering the γ-alumina, surface area is in the range of 150 to 500 m 2 /g and pore radius is in the range of 1.5 to 6 nm, so γ -alumina is anticipated to be more adsorptive active than α-alumina. γ-Al 2 O 3 nanoparticles is a promising material as an adsorbent because of its large specific surface area, high adsorption capacity, mechanical strength, and low-temperature modification. Nanoalumina is used widely as electrical insulator, catalyst, and base catalyst in many chemical reactions, membrane processes, microelectronics, and water and wastewater purification [16] [17] [18] [19] [20] [21] .
Unuabonah et al. studied in polymer-clay-based composite adsorbent to remove lead (II) ions from aqueous solution in a fixed-bed mode. The increase in bed height and initial metal ion concentration increased the adsorption capacity of lead (II). The Yoon-Nelson, Thomas, and Clark models were found to give good fit to adsorption data. On the other hand, Adams-Bohart was found to be a poor predictor for the column operation [22] .
Kundu and Gupta studied in continuous fixed bed to evaluate the efficiency of iron oxide-coated cement (IOCC) as an adsorbent for the removal of As(III) from aqueous solution under the effect of various process parameters like bed depth, flow rate, and initial As(III) concentrations. The dynamics of the adsorption process was modeled by bed depth service time (BDST), mass transfer, Thomas, and Yoon-Nelson models. The Thomas and Yoon-Nelson model predictions were in very good agreement with the experimental results at all the process parameters studied, indicating that they were very suitable for IOCC column design [23] .
Rao et al. studied in Syzygium cumini L leaf powder as a biosorbent for generating adsorption data in a fixedbed minicolumn. Effect of flow rate, initial Cd (II) concentration, and bed height was the experimental parameters chosen to obtain breakthrough curves. AdamsBohart, BDST, Thomas, and Yoon-Nelson models were applied to the data for predicting breakthrough curves and to determine the characteristic parameters. Prominent and unique characteristic features of the respective models like service time (Hutchins BDST model), adsorption capacity (Thomas model), and time required for 50% breakthrough (Yoon-Nelson model) were determined [24] .
Han et al. studied in continuous adsorption in a fixedbed column using phoenix tree leaf powder as an adsorbent for the removal of methylene blue (MB) from aqueous solution. The effect of flow rate, influent MB concentration, and bed depth on the adsorption characteristics of adsorbent was investigated at pH 7.4. Four kinetic models, Thomas, Adams-Bohart, Yoon-Nelson, and Clark, were applied to experimental data to predict the breakthrough curves by nonlinear regression and to determine the characteristic parameters of the column that are useful for process design [25] .
Purpose of this study is removal of Pb 2+ by nanostructured γ-alumina using fixed bed with upward flow. Effects of parameters such as flow rate, initial concentration of lead, and fixed bed height on lead adsorption using Thomas, Yoon-Nelson, and Adams-Bohart kinetic models were considered.
Materials
Nanostructured γ-alumina prepared from nano Pars Lima Co. (Tehran, Iran) as adsorbent and lead nitrate as adsorbate were obtained from Merck C. (Germany). All materials were prepared with high purity. Double distilled water was used. Dilute HNO 3 and NaOH were used to adjust pH.
Atomic absorption spectrophotometer with acetylene flame (PG 990) was used for the measurement of lead ions; digital pH meter (Sartorius (PB-11)) was used to measure pH. Different flow rates were performed using a peristaltic pump ETATRON DS (Rome, Italy) that is capable to adjust flow rates in milliliter-per-minute range.
Continuous flow studies Thomas model
The Thomas model is widely used in column performance modeling. Its derivation assumes Langmuir kinetics of adsorption-desorption and no axial dispersion. The 
where k Th (mL/min.mg) is the Thomas model constant, q e (mg/g) is the predicted adsorption capacity, x is mass of adsorbent (g), Q is influent flow rate (mL/min), C 0 is initial solution concentration (mg/L), and C t is effluent solution concentration (mg/L). The linear form of Thomas model is expressed as Equation 2:
Yoon-Nelson model
This model is simpler than other models and also requires no data about the characteristics of the system such as the type of adsorbent and the physical properties of the adsorption bed. The Yoon-Nelson equation is expressed as Equation 3 [27] : Saadi
Adams-Bohart model
The Adams-Bohart model is based on the assumption that the rate of adsorption is proportional to both the concentration of the adsorbing species and the residual capacity of the adsorbent. The Adams-Bohart model is only used for the description of the initial part of the breakthrough curve and is expressed as Equation 5 [28] :
where k AB (l/min.mg) is rate constant of Adams-Bohart model, z (cm) is the bed depth, N 0 (mg/L) is maximum ion adsorption capacity per unit volume of adsorbent column, and U 0 (cm/min) is the linear velocity of influent solution. The linear form of Adams-Bohart model is expressed as Equation 6:
Methods
A Pyrex column (Sigma-Aldrich, St. Louis, MO, USA) 30 cm in height and 1 cm in diameter was used with upward flow. In order to avoid the exiting adsorbent from column, glass wool at the top and bottom of the column was applied. Schematic of experimental set-up is shown in Figure 1 . In order to investigate the effect of flow rate on the behavior of the adsorbent column, flow rates 3, 6, and 9 mL/min with constant concentrations 100 ppm, constant bed height 10 cm were used. In order to investigate the effect of height on the behavior of the adsorbent column, heights 5, 10, and 15 cm (equivalent with 3.5342, 7.0685, and 10.6028 gr) with constant concentrations 100 ppm and constant flow rate 6 mL/min were used, and in order to investigate the effect of initial concentration of lead ion on behavior of the adsorbent column, concentrations 65, 100, and 150 ppm with constant bed height 10 cm and constant flow rate 6 mL/min were used. Effluent samples from the column were collected at specified time intervals, and remaining lead concentrations in the solution were measured by atomic absorption technique.
In all experiments, the temperature and pH values were adjusted to 25°C and 4.5, respectively.
Maximum adsorption capacity of the adsorbent in a fixed-bed column is calculated by Equations 7 and 8 [22] : 
where q e,max (mg/g) is maximum adsorption capacity of the adsorbent, Q (mL/min) is flow rate, C 0 (mg/L) is initial concentration, C t (mg/L) is concentration in specified time, and w (g) is mass of the adsorbent.
Results and discussions

Characterization of adsorbent
Characterization of nanostructured γ-alumina is presented in Table 1 .
Evaluation of Thomas model parameters
To determine maximum adsorption capacity of the adsorbent (q e,max ) and kinetic coefficient (k Th ) in Thomas model, experimental data were fit into the Equation 2.
Linear regression results and values of R 2 are listed in Table 2 , where values of R 2 ranged from 0.9109 to 0.9401. According to Table 2 , the calculated q e , max from Thomas model is greater than experimental q e,max . It is also seen in Table 2 that as C 0 and adsorbent weight increased, the value of q e,max and k Th increased and decreased, respectively. This is because the driving force for adsorption is the difference in concentration between the lead on the adsorbent and in the solution [29] . As flow rate increased, the value of q e,max decreased. This is because of unavailability of reaction sites, but the value of k Th increased. Linear form of Thomas model in different heights, flow rates, and concentrations is shown in Figures 2, 3 , and 4, respectively. As can be observed, the experimental data are in good agreement with the theoretical results.
Evaluation of Yoon-Nelson model parameters
Linear regression results and values of R 2 are presented in Table 3 . It was observed that rate constant (k YN ) and Page 5 of 8 http://www.jnanochem.com/content// time required for 50% adsorbate breakthrough (τ) decreased and increased, respectively, with increasing adsorbent dose. Also, it was found that the rate constant (k YN ) increases as much as flow rate increases. Because of less residence time of metal ion in adsorbent bed, time required for 50% adsorbate breakthrough (τ) decreased with increasing flow rate (Table 3) . Linear plot of Yoon-Nelson model in different heights, flow rates, and concentrations is shown in Figures 5, 6 , and 7, respectively. As can be observed, the experimental data are fit well with the model. It can be concluded that both Thomas and Yoon-Nelson models are appropriate models to describe fixed-bed operations.
Evaluation of Adams-Bohart model parameters
Linear regression results ( Table 4 ) are shown that adsorption capacity of the adsorbent (N 0 ) and kinetic constant of the model (k AB ) increased and decreased, respectively, with increasing adsorbent dose and initial lead concentration. Because of more saturation of adsorbent sites, adsorption capacity of the adsorbent (N 0 ) decreased with increasing flow rate. Also, kinetic constant of the model (k AB ) increased with increasing flow rate. Linear plot of Adams-Bohart model in different heights, flow rates, and concentrations is shown in Figures 8, 9 , and 10, respectively.
The lower R 2 values relative to the other models can be interpreted that the Adams-Bohart model is not as appropriate a predictor for the breakthrough curve.
Conclusions
Studies on continuous adsorption using nanostructured γ-alumina to remove Pb (II) indicate that this adsorbent has high ability to remove heavy metal ions from aqueous solutions.
Adsorption capacity strongly depends on flow rate, influent concentration, and bed height.
Comparison of Thomas, Yoon-Nelson, and Adams-Bohart kinetic models with experimental data was performed, and model parameters were determined by linear regression analysis for Pb 2+ adsorption under various operating conditions. The experimental data fit well with Thomas and Yoon-Nelson models, but the Adams-Bohart model predicted poor performance of fixed-bed column.
Results showed that with increasing initial concentration of lead, adsorption capacity of the adsorbent and kinetic constant of model increased and decreased, respectively, in the Thomas model. Fifty percent adsorbate breakthrough and rate constant decreased and increased, respectively, in the Yoon-Nelson model. Capacity of the adsorbent and kinetic constant increased and decreased, respectively, in the Adams-Bohart model. 
